Abstract. Oil shale ash (OSA) is a solid waste from the production process of
Introduction
Mining of oil shale (OS) and production of energy from it by combustion result in the generation of vast amounts of oil shale ash (OSA). In OSA, more than 40 different mineral phases were identified by X-ray analyses with the major phases being anhydrite, quartz, periclase, calcite, and wollastonite [1] . In Huadian oil shale kaolinite was identified to be a major mineral in addition to quartz [2] . The content of clay minerals, rather than the organic matter, in OS is the main factor determining the mineralogy of OSA, while more lime was produced when the clay minerals content was lower [3] . The major chemical compounds of OSA are SiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, MgO, Na 2 O, and K 2 O, accounting for 95%, with minor amounts of K 2 O, Na 2 O, SO 3 , P 2 O 5 , and other trace elements [4] .
Disposal of OSA is expensive and is associated with serious environmental problems. Therefore, investigations are needed to provide safe disposal and reuse of OSA [5] . Replacement of part of cement by OSA up to 20% did not deteriorate its binding properties, suggesting one possibility for OSA utilization [5] . OSA could be used to synthesize ultrafine silica powders and silica gels by fluidized bed drying of wet-gel slurry at ambient pressure with the properties of the obtained silica powders superior to those of silica powders dried in the furnace [6, 7] . By alkali hydrothermal activation using sodium hydroxide OSA was successfully converted into zeolite, which resulted in the adsorption capacity of lead and cadmium of 70 and 96 mg/g, respectively [8] . The high content of free lime in OSA could be utilized for precipitation of calcium carbonate [9] .
Use of OSA-based adsorbents has also been extensively studied. An adsorbent made of OSA after alkali hydrothermal activation using sodium hydroxide had an adsorption capacity of 9 and 12 mg/g for the removal of lead and cadmium ions from aqueous solutions, respectively [10] . The maximum loading capacity of pesticides Deltamethrin and Lambda-Cyhalothrin from aqueous solutions by OSA was as high as 11.4 and 8.6 mg/g, respectively [11] . Adsorption of 2,4-dichlorophenol (2,4-DCP) onto treated OSA resulted in a capacity of 4.7-7.4 mg/g [12] . OSA also showed a high potential to adsorb reactive dyes from aqueous solutions, the adsorption followed the Langmuir isotherms and the capacities were 100, 140, and 180 mg/g respectively for Drim red, Drim blue, and Drim yellow [13] .
In addition to OSA, fly ash (FA) has also been investigated for the removal of reactive dyes and heavy metals. Adsorption of three reactive dyes Remazol Brillant Blue, Remazol Red 133, and Rifacion Yellow HED from aqueous solutions on FA fitted well the Langmuir and Freundlich isotherm models, their adsorption capacities were in the range of 135-180, 47-86 and 37-61 mg/g, respectively [14] . FA from coal modified by hydrothermal treatment using NaOH solutions under various conditions could effectively absorb heavy metals and methylene blue (MB), the adsorption capacity of MB reached 5 × 10 −5 mol/g and the adsorption isotherm followed the Langmuir and Freundlich isotherms [15] . Both basic (cationic) and acid (anionic) dyes can be adsorbed onto the FA produced from brown coal with the sorption capacities in the range of 10 -1 -10 -3 mmol/g, which did not differ significantly for basic and acid dyes [16] .
In this study, the removal of MB by using OSA was studied at different physical and chemical parameters such as initial MB concentration, solution pH, temperature, and OSA amounts. The goal of the study was to extend the utilization of OSA waste for the removal of other contaminants from wastewater.
Experimental

Materials
The oil shale ash (OSA) was obtained from Huadian City, Jilin Province, China. Its major chemical compounds are SiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, CaO, and TiO 2 ( Table 1 ). The sample was ground to particles less than 100 mesh (150 µm) in size and then ashed at 700 °C for 2 h to ensure no more organic carbon residues. Previous results showed that the leaching rates of aluminum and iron from OSA were low when the calcination temperature was below 700 °C [2] . The mineral morphology in samples was platy before calcination and equilateral after calcination with individual particles in the nanometer range (Fig. 1 ). The calcinated OSA had a specific surface area of 28 m 2 /g and mean pore diameter 3.8 nm as measured in BET analyses. The major mineral phases were quartz, kaolinite, and hematite as revealed by X-Ray diffraction analysis (Fig. 2) .
The MB (CAS # 7720-79-3) used was in an HCl form with trihydrate obtained from Tianjin Chemical Co., China. It has no pK a between pH 0-14 and is in the form MB + in this pH region. Due to protonation, it is commonly positively charged in water with different resonance forms. MB molecules could form different aggregations at different initial concentrations [17] . Within the tested initial MB concentrations, monomers of MB prevail, and may form mixtures only with dye dimers [17] . 
MB adsorption
For MB adsorption study, 3.0 g of OSA was added to 100 mL of MB solutions with initial concentrations from 5 to 80 mg/L, and the mixtures were shaken for 24 h at room temperature. For the pH-dependency test, and adsorption kinetics and temperature effect studies, 0.3 g of OSA was mixed with 100 mL of the MB solution at an initial concentration of 2.5 mg/L. The pH was adjusted to 3-11, the reaction time was from 5 to 240 min, and the temperature was set at 303, 313, 323, and 333 K, respectively. After being shaken at different pH and temperatures for varying amounts of time, the mixture was centrifuged and the supernatants were analyzed for equilibrium MB concentrations by a UV-Vis spectrophotometer.
Instrumental analyses
A Nicolet 380 FT-IR spectrometer (USA) was used for FTIR analyses, and an EM2010 transmission electron microscope (JEOL Corporation, Japan) was used for TEM observation. A DR5000 spectrophotometer (HACH, USA) was used for quantification of MB in solution at a wavelength of 660 nm. A 266S-type pH meter (Orion, USA) was used for pH measurement. Powder XRD analyses were performed on a PanAnalytical PW3040/60 X-ray diffractometer (Netherlands) with a Ni-filtered Cu Kα radiation at 30 kV and 20 mA. The orientated samples were scanned from 2° to 10° 2θ at 1°/min with a scanning step of 0.01°/step. A 1° divergent slit and scatter slit and a 0.3 mm receiving slit were used. 
Results and discussion
Effect of solution pH on MB adsorption
The pH of the MB aqueous solution was adjusted to 3, 4, 5, 6, 7, 8, 9, 10, and 11, respectively, by adding diluted HCl or NaOH solution. With an increase in solution pH, the adsorption of MB on OSA increased (Fig. 3) . Considering that the major mineral phase was quartz, whose negative charge increases as the solution pH increases, while MB is a cationic dye, the increase in MB removal could be attributed to enhanced electrostatic interactions between OSA and MB + . Similarly to OSA, maximum MB removal was observed at pH 8 when coal fly ash (CFA) was used [18] . In contrast, an increase in the initial pH of the solution negatively influenced the sorption of 2,4-DCP on treated OSA [12] .
Adsorption of Remazol Brillant Blue on CFA was pH-dependent but those of Remazol Red 133 and Rifacion Yellow HED were not [14] . In contrast, the adsorption of two reactive dyes (Reactive Red 23 and Reactive Blue 171) and two acid dyes (Acid Black 1 and Acid Blue193) from aqueous solution on CFA was pH-dependent with the maximum adsorption capacity at the initial pH of the solution of 7.5-8.5 and 5-6 for reactive and acid dyes, respectively [19] . Sorption of basic dyes on CFA increased at high pH values, whereas the opposite trend was found for acid dyes [16] . 
Effect of initial OSA dose on MB adsorption
The rate of MB adsorption, as defined by the percentage of MB removal from solution, increased as the initial OSA dose increased (Fig. 4) . However, the amount of MB adsorbed decreased as the dose of OSA increased (Fig. 4) . The extent of MB removal decreased with increasing dosage of wheat shells [20] . 
Effect of temperature on MB adsorption
The adsorption of MB on OSA increases as the temperature increases (Fig. 5) . The relationship between K d (the ratio of the amount of MB adsorbed to the equilibrium MB concentration) and the thermodynamic parameters of adsorption can be expressed as [14, 19] :
where H ∆ is the change in enthalpy, S ∆ is the change in entropy, R is the gas constant, and T is the reaction temperature, K. The free energy of adsorption can be determined by [19] :
The calculated thermodynamic parameters are listed in Table 2 . [20] . Compared to the G ∆ value of -8 kJ/mol for TC sorption on silica [21] , the higher negative values of G ∆ for MB adsorption on OSA indicated a higher affinity of MB for OSA surfaces. The negative G ∆ value indicates an attractive interaction between MB and OSA, thus a spontaneous adsorption.
The H ∆ and S ∆ for MB adsorption on OSA were 6.4 kJ/mol and 0.1 kJ/mol·K, as against 33.4 kJ/mol and 0.2 kJ/mol·K for MB adsorption on wheat shells [20] . The positive H ∆ value suggests that MB adsorption on OSA is an endothermic process. Therefore, increases in temperature favoured the removal of MB from water by OSA. In contrast, adsorption of 2,4-DCP on the treated residue of Jordanian OS was an exothermic process [12] . As the K d value for MB adsorption on OSA is much greater than 1 and H ∆ is positive, this resulted in a positive S ∆ . The small positive S ∆ indicated that the adsorption resulted in an increase in system randomness as MB molecules were removed from aqueous solution onto the solid surfaces. It may also suggest that the adsorbed MB molecules might adopt a random orientation instead of arranging themselves in an orderly pattern on the external surface of OSA.
Kinetics of MB adsorption on OSA
As the equilibration time increased, the amount of MB increased. The adsorption could attain equilibrium in 2 h (Fig. 6 ). In comparison, MB adsorption on wheat shells attained equilibrium in 1 h [20] . The adsorption equilibrium of each anionic dye on CFA could be reached within 1 h at respective optimum pH at 293 K [19] .
Both the Lagergren first-order and pseudo-second-order adsorption kinetic models were tested to quantify the extent of MB uptake in adsorption kinetics. The pseudo-second-order adsorption kinetic rate equation is expressed as [22] :
where k 2 (g/mg·h) is the rate constant of the pseudo-second-order adsorption, q e and q t (mg/g) are the amount of adsorbate adsorbed at the time of equilibrium and at the time t, respectively. The MB adsorption on OSA fitted the pseudo-second-order adsorption better (Fig. 6) , resulting in the k 2 of 0.33 g/mg·h, q e of 46.7 mg/g, and an initial rate of 714 mg/g·h. Adsorption of MB on CFA fitted both the Lagergren first-order and pseudo-second-order kinetic models and the data followed the pseudo-second-order kinetics well [18] . Similarly, adsorption of MB on wheat shells was described by the pseudo-second-order reaction model [20] and kinetic studies of adsorption of four dyes on CFA followed the pseudo-second-order modal well [19] . Batch kinetic data from experimental investigations on the removal of reactive dyes from aqueous solutions using CFA were well described by external mass transfer and intraparticle diffusion models [14] . Surface adsorption and pore diffusion were attributed to the adsorption mechanisms of MB on CFA with the particle diffusion as the rate-limiting step for the dye removal in the range of 20-60 mg/L [18] . In this study, the smaller particle size minimized the particle diffusion as the rate-limiting step for MB removal, which resulted in a higher initial rate, 714 mg/g·h.
MB adsorption isotherm
Adsorption data for a wide range of adsorbate concentrations are most conveniently described by adsorption isotherms, such as the Langmuir or Freundlich, which relate amounts adsorbed to the equilibrium adsorbate concentration in the bulk fluid phase. The Langmuir isotherm suggests that the adsorbed solute forms a monolayer coverage on the adsorbent surface and there is no interaction between the adsorbed molecules. The linear form of the Langmuir isotherm is described by [23] :
where C L is the solution concentration at equilibrium (mg/L), C S is the amount adsorbed at equilibrium (mg/g), K L is the Langmuir constant (L/mg) which can be considered as a measurement of the adsorption energy, S m is the adsorption capacity (mg/g) corresponding to complete monolayer coverage. A plot of C L /C S versus C L over the entire concentration range produces a straight line, which indicates the applicability of the Langmuir isotherm to the system under consideration. The Freundlich model assumes that different sites with several adsorption energies are involved in the adsorption process. The Freundlich isotherm is expressed by the following equation:
The linear form of Equation (5) can be written as:
where K F and n are the Freundlich constants related to the adsorption capacity and adsorption intensity, respectively [24] . The intercept and the slope of the linear plot at given experimental conditions provide the values of K F and 1/n, respectively. Fitting of MB adsorption data to both models can be seen in Figure 7 . The Freundlich model has slightly higher R 2 values than the Langmuir model. The Freundlich isotherm described the equilibrium adsorption data of acid dyes on CFA better than the Langmuir isotherm [19] . In contrast, MB adsorption on montmorillonite followed the Langmuir isotherm [25] [26] [27] [28] . The Langmuir isotherm also provided a better fit to the experimental data than the Freundlich isotherm for MB adsorption on a phosphorous rock [29] and on palygorskite [30] . Adsorption of MB on these swelling clays was attributed to cation exchange [28, 31] . The adsorption capacity of MB reached 250 mg/g. This value is significantly higher than 100, 140 and 180 mg/g respectively for Drim red, Drim blue and Drim yellow on OSA [13] . In comparison, adsorption of MB on CFA followed the Langmuir isotherm well with a monolayer sorption capacity of 5.7 mg/g [18] . The adsorption capacity of MB on wheat shells amounted to 17, 21 and 22 mg/g at 303, 313 and 323 K, respectively [20] . The adsorption capacity for Reactive Red 23, Reactive Blue 171, Acid Blue193 and Acid Black 1 was 2.1, 1.9, 10.9 and 10.3 mg/g, respectively [19] , while the adsorption capacity of 2,4-DCP onto treated OSA was 4.7-7.4 mg/g [12] . The high adsorption capacity of MB and the higher initial rate of MB removal by OSA suggest a potential use of OSA for dye removal from wastewater.
FTIR analyses
The FTIR spectra of MB, raw OS, OSA and OSA-adsorbed MB are plotted in Figure 8 . The vibration bands of MB matched with the published data well [32] . The major vibration bands were in the wave number region of 1100 to 1700 cm and -C=N-stretching oriented perpendicular to the stainless steel surface [33] . In this study, both strong bands were detected and the 1595 cm -1 band blue-shifted to 1600 cm -1 after MB adsorption on OSA (Fig. 8b) , suggesting a nearly perpendicular orientation of MB molecules to the OSA surface.
Conclusions
The adsorptive removal of MB by using OSA as sorbent seems promising for utilization of this waste on the one hand and for obtaining higher affinity for color dyes on the other hand. The thermodynamic parameter values showed the adsorption of MB on OSA to be a spontaneous and endothermic process. The Langmuir and Freundlich models fitted the adsorption equilibrium of MB well with the adsorption capacity as high as 250 mg/g. Removal of MB by OSA was relatively fast and equilibrium could be achieved in 2 h. Although the physical process was dominated by the adsorptive removal of MB by OSA, the higher adsorption capacity of MB and its higher initial removal rate were attributed to the nanometer range particle size and larger surface area.
